Pelargonium line pattern virus (PLPV), a proposed member of a prospective genus (Pelarspovirus) within family Tombusviridae, has a positive-sense, single-stranded genomic RNA. According to previous predictions, it contains six open reading frames (ORFs) potentially encoding proteins of 27 (p27), 13 (p13), 87 (p87), 7 (p7), 6 (p6), and 37 kDa (p37). Using a variety of techniques we demonstrate that all predicted ORFs are functional, with the exception of (p13) and (p6). We also characterize a previously unidentified ORF which encodes a 9.7 kDa protein (p9.7) that is essential for viral movement. Furthermore, we present evidence that the single subgenomic RNA (sgRNA) produced by the virus directs synthesis of p7, p9.7 and p37. Remarkably, the translation of these totally unrelated proteins is coordinated via leaky-scanning. This mechanism seems to be favoured by the poor translation context of the start codon of ORF(p7), the non-AUG weak initiation codon of ORF(p9.7) and the lack of additional AUG codons in any reading frame preceding ORF(p37). The results also suggest that precise regulation of protein production from the sgRNA is critical for virus viability. Altogether, the data supports the notion that PLPV belongs to a new genus of plant viruses.
Introduction
Translational control plays a key role in modulating eukaryotic gene expression. Because of the genome size constraints, and to expand the expressible gene content, viruses frequently use distinct mechanisms to modify ribosome behaviour. Such modifications may relieve the restrictions to monocistronic expression that typically characterize the eukaryotic translation system (Gale et al., 2000; Gallie, 1996; Kozak, 2002) . Leaky scanning is one of the most common strategies employed by viruses to express overlapping open reading frames (ORFs). It occurs when a proportion of ribosomes scanning from the 5′-end of the mRNA bypass either the 5′-most AUG due to its suboptimal sequence context (absence of purine in position − 3 and/ or G at position +4) or certain non-AUG triplets that can serve as weak initiation codons (Gordon et al., 1992; Kozak, 1989a; Peabody, 1989) , to initiate translation at an alternative start codon downstream. Re-initiation may also take place if ribosomes that have completed translation of an initial ORF, resume scanning and (re)initiate translation at an AUG located farther downstream (Kozak, 2001; Luukkonen et al., 1995) . Backward scanning and re-initiation at upstream sites has also been reported for translation of overlapping ORFs. This may occur when the stop codon of the upstream ORF is close to the start codon of the downstream ORF (Kozak, 2001; Peabody et al., 1986; Thomas and Capecchi, 1986) . Finally, internal initiation has been demonstrated for animal and plant viral RNAs. This is mediated by internal ribosome entry site (IRES) elements that facilitate direct recruitment of the pre-initiation complex, bypassing 5′-dependent scanning to access internal start codons (Hellen and Sarnow, 2001; Kneller et al., 2006) .
Besides the above mechanisms related to alternative translation initiation, viruses employ strategies to ensure that all their genes are accessible to the eukaryotic protein-synthesizing system. Examples include "recoding" that permits readthrough and frameshifting, or the generation of subgenomic RNAs (sgRNAs) . Another intriguing feature of viral RNAs is that many of them lack a 5′cap structure and/or a 3′-poly(A) tail. This is the case in more than 80% of plant positive strand RNA viruses. Deciphering how these noncanonical RNAs regulate their expression may provide valuable clues on the diversity and complexity of gene translation mechanisms.
Pelargonium line pattern virus (PLPV) is one of the most prevalent viruses affecting geraniums (Pelargonium spp.) (Alonso and Borja, 2005; Bouwen and Maat, 1992; Franck and Loebenstein, 1994; Stone, 1980) . PLPV has a positive-sense, single-stranded genomic RNA (gRNA) of 3883 nt that is packaged into an icosahedral particle of about 30 nm. This gRNA lacks a 5′-cap structure or a 3′-poly(A) tail and, according to in silico analyses, contains six ORFs potentially encoding proteins of 27 (p27), 13 (p13), 87 (p87), 7 (p7), 6 (p6), and 37 kDa (p37) Hernández, 2005, 2007) . Such ORFs are flanked by an unusually short untranslated region (UTR) of 6 nt at the 5′-end and by a 247 nt long UTR at the 3′-end. The arrangement of ORFs on the gRNA is similar to that of members of the genus Virology 386 (2009) 417-426 Carmovirus in the family Tombusviridae. With the exception of p13 and p6, which do not show significant similarity to protein sequences in data banks, putative PLPV gene products share considerable sequence identity with proteins involved in replication (p27 and p87, the latter one with the motifs typical of RNA dependent-RNA polymerases), movement (p7) and encapsidation (p37) in this viral group. However, whereas carmoviruses generate two sgRNAs, PLPV produces only one as do three other related small isometric single-stranded RNA viruses, Pelargonium ringspot virus, Pelargonium chlorotic ring pattern virus (PCRPV) and Elderberry latent virus. This common trait has led to the suggestion that the four pathogens should be clustered together into a new genus, Pelarspovirus, within the family Tombusviridae. Such a proposal is supported by phylogenetic analyses (Castaño and Hernández, 2005; Kinard and Jordan, 2002; Stuart et al., 2006) .
Based on sequence data, it was anticipated that if all proteins potentially encoded by PLPV are produced in vivo the virus must use a variety of mechanisms for expression of its genes (Castaño and Hernández, 2005) . Thus, translation of ORFs (p27), (p13) and (p87) were proposed to occur from the gRNA involving read-through of the amber stop codon of ORF(p27) in the case of ORF(p87) and possibly an IRES in the case of ORF(p13). The remaining downstream ORFs could be translated from the abundant sgRNA of 1.6 kb detected in PLPV infected plants. ORF(p7), located 5′-proximal in the sgRNA, would be expressed by conventional ribosomal scanning whereas the overlapping ORF(p6) might be translated from a non-AUG initiation codon by leaky scanning and/or by a −1 frameshift mechanism giving rise to a p12 fusion protein (p7-FS). Internal ribosomal entry or leaky scanning was considered the most plausible mechanisms for translation of the 3′-proximal ORF(p37).
In this work, we have firstly identified the biologically active ORFs of PLPV. Next, we have investigated the mechanisms of gene expression from the gRNA and the sgRNA. We present evidence that the latter directs synthesis of three distinct proteins and, most remarkably, that translation of these proteins is coordinated via leakyscanning. The results also support that maintenance of protein production ratios from the sgRNA is critical for virus viability. Globally, the data provide further justification for the contention that PLPV belongs to a new genus of plant viruses.
Results
Four out of the six ORFs predicted in PLPV genome are essential for effective infection in local and systemic hosts As mentioned above, our previous sequence analysis of PLPV genome indicated the presence of six ORFs potentially encoding proteins p27, p13, p87, p7, p6 and p37 ( Fig. 1A ). To assess their biological significance, a set of mutants with the presumed start codon of each ORF independently modified ( Fig. 1B ) was generated using as template the PLPV infectious clone pPLDS-10 (Castaño and Hernández, 2007) . Transcripts were synthesized from pPLDS-10 and from the individual mutant constructs and used to mechanically inoculate Chenopodium Hernández, 2005, 2007) . Open boxes correspond to predicted ORFs. Numbers above and below the boxes represent the nucleotide positions of the codons defining each ORF. The transcription start site of the sgRNA at nt 2251 is marked by an arrow. (B) Schematic representation of PLPV mutants. Nucleotide substitutions were introduced into the full-length cDNA clone pPLDS-10 leading to triplet changes that are depicted for each mutant. In mutants p13aug-and p6auu-, besides altering the presumed start codons of the corresponding ORFs, close downstream triplets have been also modified ( 536 AUG in p13aug-and 2462 CUG and 2465 AUU in p6auu-) to unsure abolishment of protein production. In all mutants, dashed boxes correspond to ORFs that are not expected to be translated. quinoa plants. A similar number of lesions was observed at 7 days postinoculation on C. quinoa leaves challenged either with the wild type (wt) construct, pPLDS-10, or with constructs p13aug-and p6auu-, and Northern blot hybridizations revealed equivalent accumulation levels of viral RNAs in these leaves (results summarized in Table 1 ). The virus was also detected in local and systemic leaves of Nicotiana benthamiana plants 28 days after inoculation with the latter constructs (Table 1) though plants did not develop obvious symptoms in line with previous observations (Castaño and Hernández, 2007) . Though the infectivity of mutant p13aug-suggested that ORF(p13) lacked biological significance, its conservation in different isolates of the virus (Castaño, Ruiz and Hernández, unpublished results) prompted us to further explore whether it could play a non-essential or a host-specific role during infection. To this aim, the bioassay of mutant p13aug-was extended to a third host, N. clevelandii, and the progress of the infection in this host and also in N. benthamiana was weekly monitored by dot-blot hybridization. Mutant p13aug-was able to systemically infect N. clevelandii and N. benthamiana plants as efficiently as the wt construct, with no significant differences in the time course of virus spread or in viral accumulation levels (data not shown). The change of the presumed 530 AUG start codon of ORF(p13) by ACG in mutant p13aug-( Fig. 1 ) could still allow production of low levels of p13 considering that triplet ACG may function as a noncanonical start codon. Thus a new mutant was generated, p13stop, with a premature stop codon in ORF(p13) (Fig. 1 ). This mutant was also mechanically inoculated onto C. quinoa, N. benthamiana and N. clevelandii plants giving rise to infections indistinguishable from those established by the wt construct (Table 1 and data not shown).
In contrast with that observed with constructs p6auu-, p13augand p13stop, no lesions appeared on C. quinoa leaves inoculated with transcripts derived from mutants p27aug-, p7aug-or p37aug-, and hybridization assays corroborated the absence of PLPV RNAs in these leaves as well as in N. benthamiana plants inoculated with the same transcripts (Table 1) . Among these mutants, only p27aug-was undetectable in N. benthamiana leaves after Agrobacterium-mediated viral inoculation (Table 1 ), an inoculation system that allows measuring the RNA accumulation level in cells independently of the ability of virus cell-to-cell movement (Chiba et al., 2006; Gopinath et al., 2005; Voinnet et al., 2000) . The results were in agreement with the anticipated involvement of p27 (and its presumed read-through product, p87) in viral replication and the likely involvement of p7 and p37 in viral movement and encapsidation, respectively (Castaño and Hernández, 2005) .
To confirm the lack of expression of the mutagenized ORFs, transcripts derived from the wt and the mutant genomic and/or subgenomic constructs were employed as templates for in vitro translation reactions using wheat germ extracts and including [ 35 S] methionine or [ 14 C]leucine to label the products. Two proteins with apparent molecular masses of 27 and 87 kDa ( Fig. 2A, lane 1) were synthesized from the wt genomic transcript. Mutation of the 7 AUG codon of ORF(p27) in construct p27aug-, led to abolishment of p27 and p87 production from the genomic RNA ( Fig. 2A , lane 2), supporting that both proteins share the initiation codon and that p87 is the readthrough product of p27. Moreover, in vitro translation of two additional mutants, p27stop and p27tyr ( Fig. 1B) , both noninfectious in plants and unable to accumulate in N. benthamiana leaves after agroinfiltration (Table 1) , confirmed this point: no p87 was produced from the former mutant whereas this protein, and not p27, was synthesized from the latter mutant ( Fig. 2A, lanes 3 and 4) . Production of the putative p13 was not detected from in vitro translation of the wt gRNA ( Fig. 2A, lane 1) which, together with the outcome of bioassays with mutants p13aug-and p13stop ( Table 1) , suggested that ORF(p13) is not expressed in vivo. Expression of the two small ORFs (p6) and (p7) as well as of ORF (p37) was expected to occur from the PLPV sgRNA and three proteins with estimated molecular masses reasonably consistent with this expectation were observed from in vitro translation of wt subgenomic transcripts (Fig. 2B, lane 1) . Though the translation patterns were the same irrespectively of using [ 35 S]methionine or [ 14 C]leucine to label the in vitro synthesized proteins, the latter one permitted better detection of the intermediate size product. This may be because its leucine content is higher than that of methionine. Alteration of 2621 AUG in mutant p37aug-strongly diminished production of the bigger protein allowing its assignment to ORF(p37) (Fig. 2B, lane 4) . The low p37 production still detected from p37aug-sgRNA was likely the result of translation from a noncanonical AAG start codon located six nt downstream of 2621 AUG. However, mutation of 2274 AUG in p7aug-sgRNA revealed that the smaller detected protein was the product of ORF(p7) (Fig. 2B , lane 2) whereas modification of 2441 AUU in p6auu-sgRNA did not alter the pattern of translation products (Fig. 2B, lane 3) . Moreover, no evidence for synthesis of a frameshift product of ORF(p7) was obtained from in vitro translation experiments. These results, together with those from the bioassay in plants of mutant p6auu-(Table 1), indicated that the initially predicted ORF (p6) was unlikely to be biologically active and that, instead, another missed ORF could be relevant for viral infection as related viruses produce two small proteins to assist viral movement (Lommel et al., 2005) .
A newly identified ORF with a non-AUG start codon encodes a protein of 9.7 kDa indispensable for virus cell-to-cell movement Upon re-examination of PLPV sequence an ORF initially ignored, (positions 2371 to 2637), was identified. This putative ORF, which overlaps ORF(p7), lacked AUG codons and could give rise to a protein with a molecular mass up to 9.7 kDa considering triplet 2371 GUG as the initiation codon. Interestingly, this protein showed high sequence identity (44.4%) with one potentially encoded by PCRPV, another proposed member of the prospective genus Pelarspovirus, suggesting it may have functionality in vivo.
In order to assess whether the protein with a size slightly higher than that of p7 detected from in vitro translation of wt sgRNA could be assigned to the newly identified ORF, two additional mutants were generated by converting two presumed triplets of the corresponding reading frame, 2392 CUC and 2422 CAG, into stop codons (constructs p9.7stop1 and p9.7stop2, respectively; Fig. 3 ). In vitro translation of subgenomic transcripts derived from these two mutants did not yield the protein migrating immediately above p7 (Fig. 4A, lanes 2 and 3) indicating that it was the product of the predicted ORF and that its translation was initiated upstream triplet 2392 CUC. This result pointed to triplet 2371 GUG or, alternatively, 2383 AGG, as the start codon of the reading frame. Conversion of triplet 2371 GUG into GCG in mutant p9.7gug- (Fig. 3) abolished the production of the protein from the corresponding subgenomic transcript (Fig. 4A, lane 4) , implying that its translation starts at the first triplet of the open reading phase deviating from AUG at one position as the vast majority of non-AUG initiation codons (Kozak, 1991; Touriol et al., 2003) . Mutant p9.7gugdid not induce lesions when mechanically inoculated on C. quinoa leaves and hybridization assays confirmed the absence of an effective infection (Table 1) . This mutant was also unable to infect N. benthamiana plants but accumulated at wt levels in N. benthamiana leaves after agroinoculation (Table 1) . Globally, the results showed that the newly predicted ORF is expressed in vivo and that the resulting product of 9.7 kDa (p9.7) is most likely involved in virus movement.
Translation of internal ORFs from PLPV sgRNA is most likely regulated by leaky scanning
As shown above, in vitro translation assays clearly indicated that PLPV sgRNA directs the synthesis of three distinct proteins, p7, p9.7 and p37, being the translation of latter one very efficient despite the 3′-proximal position of the corresponding ORF (Fig. 2B, lane 1) . Indeed, taking into account the relative intensity of the labeled protein bands and the distinct leucine content of the proteins, the efficiencies of p9.7 and p37 gene translation were estimated to be about 10% and 50%, respectively, of that of the p7 gene. The possibility that p37 would be expressed from a monocistronic degradation product of sgRNA instead of the full-length molecule was ruled out as we did not detect any outstanding degradation products during the in vitro translation reactions (data not shown). The tricistronic arrangement of PLPV sgRNA has few parallelisms in the plant (or eukaryotic) world, and suggests that different translational mechanisms may account for expression of internal ORFs which, moreover, should be tightly regulated in order to achieve proper ratios of the encoded proteins. The mechanism involved in ORF(p9.7) expression could already be inferred from the in vitro translation results with p7aug-sgRNA which showed that mutation of the 2274 AUG start codon of ORF(p7) to GUG increased p9.7 production by at least 2-fold (Fig. 2B, lane 2) . This observation strongly supported that translation of ORF(p9.7) is accomplished by leaky scanning which would be favoured by the poor translation context (cgaAUGg) of the start codon of ORF(p7).
Three alternative mechanisms were considered to be the most plausible for expression of the p37 gene. First, translation of p37 could occur by direct internal initiation because of the presence of an IRES as described for different plant viruses including Hibiscus chlorotic ringspot virus (HCRSV), a member of the genus Carmovirus whose CP may be translated from genomic and subgenomic RNAs through such type of element (Koh et al., 2003 (Koh et al., , 2006 . Second, ribosomes may resume scanning after translating the initial short ORF(p7) by a termination-reinitiation mechanism. Alternatively, ribosomes may be able to scan backward and reinitiate at the once-bypassed upstream AUG codon of the p37 gene after reaching the stop codon of the p9.7 gene, as both codons are separated by only 11 nt. Last, p37 synthesis may involve leaky scanning.
IRES have been proven to drive protein synthesis of a second cistron when placed outside of its genetic context (Hellen and Sarnow, 2001; Martínez-Salas, 1999) . Insertion of PLPV sgRNA regions preceding the start codon of the p37 gene into HIS-GFP bicistronic constructs did not promote translation of the GFP gene (data not shown), arguing against the involvement of an IRES in p37 translation. In concordance with these results, removal of distinct segments preceding the start codon of ORF(p37) in PLPV sgRNA did not substantially affect production of p37 from the corresponding subgenomic transcripts (data not shown).
On the other hand, the 63 codon ORF(p7) is considerably larger than what would be expected for an ORF that directs translation reinitiation (Meijer and Thomas, 2002) and thus, improbably provides access to the ORF(p37) start codon by "escorting" some ribosomes past the ORF(p9.7) start site. In line with this view, abolishment of p7 production in mutant p7aug-did not negatively affect p37 translation, indicating that ribosome scanning is unlikely to be resumed after translation of the first ORF to reinitiate translation at the downstream ORF(p37) start codon (Fig. 2B, lane 2) . Ribosomal backwards scanning after reaching the stop codon of the p9.7 gene was also discarded since neither elimination nor premature termination of ORF(p9.7) in mutants p9.7gug-, p9.7stop1 and p9.7stop2 had detrimental effects on p37 production (Fig. 4A) . The leaky scanning hypothesis was then explored. It was reasoned that this mechanism could be favoured by the poor translation context initiating ORF(p7), and by the non-AUG weak initiation codon of ORF(p9.7). Another remarkable feature of PLPV sgRNA is that the region preceding ORF(p37) is devoid of AUG codons in any reading frame except for that initiating ORF(p7), which would facilitate scanning toward a downstream AUG. To test this hypothesis, a new set of mutants was generated by converting the GUG start codon of ORF(p9.7) to AUG, CUG or ACG (mutants p9.7aug, p9.7cug and p9.7acg, respectively; Fig. 3B ). As expected, the CUG and the ACG codons directed translation initiation with an efficiency similar to that of the wt GUG (Fig. 4B, lanes 2 and 3) , whereas a 4-fold enhanced p9.7 production was observed with the AUG codon (Fig. 4B,   lane 4) . This enhancement correlated with a 2.5-fold reduction in p37 synthesis supporting leaky scanning as the mechanism that directs translation of p37. In line with this possibility, introduction of two additional AUGs (in good contexts) within the region preceding the start codon of ORF(p37) in mutant p9.7aug⁎3 (Fig. 3B ), led to a stronger reduction (10-fold) in p37 production (Fig. 4B) . It is noteworthy that the AUG codon at position 2441 engineered in mutant p9.7aug⁎3, which is in frame with that engineered at position 2465 but out of frame with respect to that opening ORF(p9.7), could potentially function as start codon of an ORF ending at 2609 UAG. Translation of such ORF would lead to a polypeptide with predicted molecular mass of 6.2 kDa. Though no clear evidence for expression of this polypeptide was obtained, a reinforcement of the p7 band was observed with construct p9.7aug⁎3 (Fig. 4B, lane 5) which suggested co-migration of p7 with an additional translation product, a point which could not be unequivocally confirmed.
Finally, the presence of strong secondary structures in the leader sequence of mRNAs usually reduces the translation efficiency of the downstream ORF(s) as they interfere with assembly of the preinitiation complex and/or impede conventional scanning of 40S subunits (Kozak, 1989b) . Introduction of a small and stable hairpin in the leader sequence of PLPV sgRNA, 6 nt down from the 5′-end, in mutant pPLDS-10hp ( Fig. 3B) , severely diminished production of the three sgRNA encoded proteins (Fig. 4B, lane 5) , clearly showing that translation of p37, as that of p7 and p9.7, is 5′-dependent as expected for a leaky scanning mechanism. Our results taken as a whole strongly suggested coordinate expression of p7, p9.7 and p37 genes from PLPV sgRNA via leaky scanning.
Alteration of production ratios of PLPV sgRNA encoded proteins strongly affects viral infectivity
To determine whether modification of the production ratios of sgRNA encoded proteins could affect virus infectivity, mutants p9.7cug, p9.7acg and p9.7aug were bioassayed in C. quinoa. Mutant p9.7cug, whose sgRNA directed protein translation in fashion similar to that of wt molecule (Fig. 4B, lane 2) , gave rise to infections indistinguishable from that established by construct pPLDS-10, as assessed by the appearance of lesions on the inoculated leaves and by Northern blot hybridization (data not shown). Conversely, no infection was detected after inoculation with mutant p9.7aug which showed a strong bias in protein ratios in in vitro translation assays with the corresponding sgRNA (Fig. 4B, lane 4) . The engineered nucleotide substitution in the latter mutant ( 2371 G → A; Fig. 3 ) caused a change (S33N) in the amino acid sequence encoded by the overlapping ORF(p7) which could be responsible of the inability of the mutant to infect. However, mutant p9.7acg carries nucleotide substitutions ( 2371 GU → AC; Fig. 3 ) that also lead to the change S33N in p7 but allow p9.7 translation initiation at an efficiency equivalent to that of the wt start codon (Fig. 4B, lane 3) , and this mutant was infectious when inoculated on C. quinoa though the appearance of lesions was delayed 3-4 days with respect to the wt. Sequence analysis of total RNA from infected leaves 2 weeks post-inoculation, revealed that the mutated codon ( 2371 ACG) was maintained and did not revert to the wild-type GUG, indicating that the change S33N in p7 is not deleterious and that the lack of infectivity of mutant p9.7aug is likely due to the unbalance in protein production.
Discussion
In vitro transcripts from mutagenized PLPV cDNA clones have allowed assignment of functional significance to ORFs on the PLPV genome. Based on amino acid sequence comparisons with proteins of known function it was hypothesized that the translation products of ORFs (p27) and (p87) would be involved in viral RNA replication, and those of ORFs (p7) and (p37) in viral movement and encapsidation, respectively (Castaño and Hernández, 2005) . The results of this work are consistent with these anticipations and have provided information on two additional, previously predicted ORFs (p13 and p6). These newly identified ORFs potentially encode for proteins with no noticeable similarity to protein sequences in data banks. Mutations affecting ORF(p13) had no obvious effects on viral infection in three distinct experimental hosts and, moreover, the expected translation product was not detected in in vitro translation assays suggesting that this ORF is not expressed in vivo. Evidence for expression of p6 was also not obtained. Instead, another protein, p9.7, was found to be essential for virus spread indicating that the double gene block typically involved in movement of carmo-like viruses (Hull, 2002; Li et al., 1998; Navarro et al., 2006) must be formed by ORF(p7) and the newly identified ORF(p9.7), both overlapping and lying in the middle of the genome. In agreement with this view, p9.7 has a hydrophobicity profile which closely resembles those of the larger movement proteins of carmoviruses despite it shows scarce sequence similarity with them (data not shown). Remarkably, this PLPV protein shares notable sequence identity (44.4%, as indicated above) with a 9.4 kDa protein potentially encoded by a centrally located ORF of PCRPV. The initiation codon of such ORF would also correspond to a non-AUG triplet (Kinard and Jordan, 2002) further extending the resemblances among PLPV and PCRPV, both tentative members of the prospective genus Pelarspovirus.
Bioassay of mutant p37aug-showed that abolishment of CP production has a drastic effect on local and, consequently, also on systemic PLPV movement. The requirement of CP for cell-to-cell and systemic movement varies among distinct members of the Tombusviridae. Thus, CP expression is dispensable for cell-to-cell movement of species of the genera Aureusvirus (Reade et al., 2003; Rubino and Russo, 1997) , Necrovirus (Molnar et al., 1997) , and Dianthovirus (Vaewhongs and Lommel, 1995) . Conversely, CP-deficient mutants of Panicum mosaic virus (PMV), in the genus Panicovirus (Turina et al., 2000) , or Melon necrotic spot virus, in the genus Carmovirus , failed to move from cell to cell. In the case of Turnip crinkle virus, another member of the genus Carmovirus, CP is required for cell-to-cell movement in N. benthamiana but not in Arabidopsis, though is essential for systemic movement in both hosts (Cohen et al., 2000; Hacker et al., 1992; Heaton et al., 1991) . These observations contrast with those obtained with members of the closely related genus Tombusvirus which can move both cell to cell and systemically in the absence of CP (Russo et al., 1994; Sit et al., 1995) . Whether the CP of PLPV has a direct role in movement by forming part of the complex that spreads the virus in the plant or contributes indirectly to the establishment and maintenance of the infection remains to be ascertained. Such indirect contribution could result from the ability of the protein to inhibit RNA silencing-mediated degradation of viral RNA as several related carmoviral CPs have been reported to suppress of RNA silencing Martínez-Turiño and Hernández, 2009; Meng et al., 2006; Qu et al., 2003; Thomas et al., 2003) . Alternatively, PLPV CP could function as an accessory factor protecting the genome or promoting in vivo translation and/or stability of movement protein(s) as suggested for the CP of PMV (Turina et al., 2000) .
Besides identifying functional ORFs in the PLPV genome, valuable insights into the mechanisms involved in their translation have been obtained. Expression of the distinct PLPV ORFs seems to be achieved by a variety of mechanisms of translation which, have to be capindependent as this structure is absent from the 5′ end of PLPV RNAs (Castaño and Hernández, 2005) , as occurs in most, if not all, members of the Tombusviridae (Lommel et al., 2005) . In vitro translation assays have confirmed the expression of the replicase proteins, p27 and its readthrough product p87, from the gRNA and, moreover, have corroborated that the 6 nt long leader sequence (to our knowledge, the shortest one reported for a natural mRNA) is able to direct efficient translation even from an uncapped molecule. The layout of in vitro translation assays have also indicated that the sgRNA is polycistronic directing the production of three distinct proteins, p7, p9.7 and p37. Though full characterization of the mechanism(s) implicated in sgRNA gene expression will require additional work, the results of the present study strongly suggest that translation of the internal ORFs is accomplished by leaky scanning. A peculiarity of the sgRNA sequence further supports this view: the 370 nt region preceding the start codon of ORF(p37) contains a single AUG codon. This start codon occurs in an unfavourable context and opens ORF(p7). In all other regions of the viral genome, AUG codons are about as frequent as expected (i.e., one every 64 nt for an incompletely unbiased sequence). The lack of additional AUG codons, even in nontranslated reading phases, seems to indicate that potential translation start codons are under strong negative selection in this segment of the genome. In this scenario, it can be postulated that this particular sequence has evolved to allow a fraction of the scanning ribosomal complexes that have reached the start codon in a suboptimal translation context of ORF(p7) to proceed toward ORF(p9.7). The weak initiation signal provided by the non-canonical start codon of ORF(p9.7) would favour that part of the scanning complexes proceeds further toward ORF(p37). According to this model, introduction of additional upstream initiation signals would be expected to reduce downstream translation as indeed was observed with subgenomic transcripts from mutant p9.7aug and, particularly, p9.7aug⁎3 (Fig. 4B) . Conversely, weakening or elimination of upstream initiation signals should increase downstream translation as observed with p7aug-which showed enhanced p9.7 production (Fig. 2B ). However, we could not detect significant enhancement of p37 production with p9.7gug-sgRNA transcripts (Fig. 4A ) which could be justified by the low efficiency at which p9.7 is translated, indicating that the presence of ORF(p9.7) only slightly reduces the number of ribosomes that reach ORF(p37) and initiate there. The model also implies that translation of all sgRNA ORFs must be 5′-dependent and, consistently, a strong negative effect on p7, p9.7 and p37 production was observed when a stable hairpin was introduced in the leader sequence of the sgRNA (Fig. 4B) .
Leaky scanning is a mechanism frequently used to translate different proteins from viral RNAs (reviewed by Ryabova et al., 2006) . This mechanism usually leads to the production of two polypeptides either with a common C-terminal region, when being translated from the same ORF, or non related, if the start codons are located in different phases (Belsham and Lomonossoff, 1991; Dinesh-Kumar and Miller, 1993; Herzog et al., 1995; Shivaprasad et al., 2005; Simón-Buela et al., 1997; Verchot et al., 1998; Weiland and Dreher, 1989) . The most remarkable case of leaky scanning described to date refers to the production of three totally unrelated proteins from ORFs I, II and III of a single RNA of the pararetrovirus Rice tungro bacilliform virus (RTBV; Fütterer et al., 1997) . Two additional viral RNAs that give rise to three proteins via leaky scanning have also been reported though two of them corresponded to C-terminal nested polypeptides (Latorre et al., 1998; Suzuki et al., 1996) . Translation of PLPV sgRNA provides a notable new example of the use of leaky scanning for synthesis of three distinct proteins from three separate, out of frame, translation initiation sites. Leaky scanning in PLPV sgRNA parallels that of RTBV RNA which is favoured by the non-AUG codon that opens ORFI and the poor translational context of the AUG start codon of ORFII allowing a significant fraction of ribosomes to reach the further downstream ORFIII AUG (Fütterer et al., 1997) . Moreover, a strong bias against AUG codons is also observed in the region preceding ORFIII, as ORFs I and II lack internal AUGs in any reading frame, a feature conserved in related badnaviruses which suggests that the leaky scanning mechanism is employed by two distinct genera of bacilliform pararetroviruses (Pooggin et al., 1999) . In this context, it is worth mentioning that PCRPV sgRNA is predicted to resemble PLPV sgRNA in ORF arrangement, in type and translational contexts of ORF start codons and in the absence of AUGs in the region preceding the CP gene excepting for that opening the corresponding ORF(p7) (Kinard and Jordan, 2002) , indicating that the mechanism of leaky scanning proposed for PLPV might be shared by other members of the prospective genus Pelarspovirus.
The lack of infectivity of mutant p9.7aug contrasts with the good infectivity levels of mutants p9.7cug and p9.7acg and strongly suggests that preservation of the ratios of the proteins produced from the sgRNA is a requisite for virus viability. Moreover, these results show that the wt GUG start codon of ORF(p9.7) can be functionally replaced by CUG or ACG but not by a canonical AUG start codon. The utilization of weakly initiating non-AUG codon for maintenance of correct ratios of proteins has been reported for both cellular and viral mRNAs (Kozak, 1991; Touriol et al., 2003) , including some from plant viruses belonging to different taxonomic groups (Fütterer et al., 1996; Shirako, 1998) . Within the family Tombusviridae, HCRSV is the only carmovirus which has been shown to utilize a non-AUG initiation codon for translation of a virus-specific protein which seems to affect symptom expression (Koh et al., 2006; Zhou et al., 2006) . A second example of non-AUG start codon usage in the family Tombusviridae corresponds to PMV, which encodes a small movement protein whose translation initiation occurs at AUU (Turina et al., 1998) . As PLPV, PMV produces a unique, polycistronic sgRNA from which four proteins are expressed, and it has been suggested that leaky scanning may account for translation of the two 5′-proximal genes whereas translation of the two 3′-terminal genes may involve a combination of leaky scanning with as yet unidentified translation strategies (Batten et al., 2006; Turina et al., 2000) . Though the data presented here strongly support that polycistronic translation of PLPV sgRNA is mainly accomplished by leaky scanning, the contribution of other mechanisms cannot completely be ruled out. Another open question refers to the strategies PLPV RNAs adopt to be efficiently translated in the absence of both a 5′ cap and a poly(A) tail. To compensate for the lack of these structures at the RNA termini, members of the families Tombusviridae and Luteoviridae contain sequences in the 3′ region of their genomes which function as translational enhancers (TEs) (reviewed by Kneller et al., 2006) . PLPV has also been predicted to posses a 3′ TE (Fabian and White, 2006) . Investigation on this issue may help to further understand the regulation complexity of PLPV gene expression and the network of molecular interactions involved.
Materials and methods

Plasmid construction
Plasmid pPLDS-10, which contains a wild-type (wt) full-length PLPV cDNA inserted into pUC18 downstream from a T7 RNA polymerase promoter, has been previously described (Castaño and Hernández, 2007) . This plasmid was used as template to generate a set of mutant constructs bearing nucleotide substitutions that either altered the presumed start codons of PLPV ORFs or led to the incorporation of premature stop codons in a given ORF. The mutations were introduced by PCR with the Quick Change Site-Directed Mutagenesis kit (Stratagene) and proper specific oligonucleotide pairs. Three mutant constructs carrying internal deletions were also generated. To this aim, plasmid pPLDS-10 was used as template for PCR reactions with Pfu Ultra DNA polymerase (Stratagene) and different pairs of 5′-phosphorylated primers that were complementary and homologous to distinct regions preceding ORF(p37) in PLPV sgRNA. PCR products (comprising the cloning vector, pUC18, fused to a PLPV 5′ region at one side and to a PLPV 3′ region at the other side) were eluted after agarose electrophoresis, self-ligated and used for transformation. The deleted regions in the different constructs comprised nt 2496-2601, 2296-2376 and 2378-2601 of PLPV sequence. Each mutant construct was verified by DNA sequencing with an ABI PRISM DNA sequencer 377 (Perkin-Elmer). The type and position of the modifications introduced in each construct is indicated in the figures depicting the mutants. Unless indicated, the point mutations introduced in a particular ORF did not affect the amino acid sequence encoded by overlapping ORFs.
A region embracing the cDNA sequence of the PLPV sgRNA was PCR amplified from pPLDS-10 and the mutagenized clones with the Expand High Fidelity PCR System (Roche) using primer CH94 (5′-GCAAGCTTGTAATACGACTCACTATAGGGACATTTGAAGTTGGCGCTATC-3′), which contains a HindIII site (underlined) fused to a T7 RNA polymerase promoter sequence (in bold) followed by 21 nt of the 5′ end of the sgRNA (position 2251-2271 in the gRNA), and CH60 (5′-CCGGATCCCGGGCAGATCAGGGGGGTGGGTTAC-3′), complementary to the 3′ terminus of the viral sequence (nt 3859-3883) with a SmaI site (underlined) and a BamHI site (in italics) at the 5′ end. PCR products were run in 1% agarose gels, eluted, digested with HindIII and BamHI and subsequently cloned into the corresponding restriction sites of pUC18. An inverted repeat (5′-GGGGGGGCATGCCCCCCC-3′) promoting the formation of a small hairpin into the leader sequence of the PLPV sgRNA was introduced in a subgenomic construct with Quick Change Site-Directed Mutagenesis kit (Stratagene) and proper specific oligonucleotide pairs.
A plasmid containing the full-length PLPV cDNA of pPLDS-10 under the control of the CaMV 35S promoter (Castaño and Hernández, 2007) was used as template to introduce selected mutations by PCR with the Quick Change Site-Directed Mutagenesis kit (Stratagene) and proper specific oligonucleotide pairs. The wt and the mutant full-length PLPV cDNAs fused to the CaMV 35S promoter were cut out with suitable restriction enzymes from the corresponding constructs, ligated at its 3′ side with the terminator sequence of the Solanum tuberosum proteinase inhibitor II gene, and cloned into the binary Ti vector pMOG800 (Knoester et al., 1998) .
To generate biscistronic constructs, a plasmid containing the HIS and the GFP genes in tandem, pHIS-GFP, was made. To this aim, the HIS and the GFP genes were PCR amplified with High Fidelity PCR System (Roche) from proper plasmids using specific oligonucleotides. The oligonucleotide homologous to the 5′-terminus of the HIS gene harboured a BamHI site at the 5′-end, and the one complementary to the 3′-terminus contained a SphI site at the 5′ end. The GFP-specific oligonucleotides led to the incorporation of SphI/BamHI and PstI sites at the 5′-and 3′-ends, respectively, of the corresponding PCR product. The amplified HIS and GFP genes were ligated through the SphI site and then cloned into BamHI and PstI sites of pBluescript KS (+) (Stratagene). Additional bicistronic constructs were generated from pHIS-GFP by inserting PCR amplified PLPV sequences (nt 2283-2370 and 2283-2495), preceding ORF(p37) in the sgRNA, at the SphI and BamHI sites present between the HIS and GFP genes.
Mechanical and Agrobacterium-mediated inoculation of plants
For mechanical inoculation of plants, uncapped RNA transcripts were synthesized in vitro from pUC18 derived full-length PLPV clones with T7 RNA polymerase (Fermentas) following digestion of plasmids with SmaI. The resulting transcripts were gently rubbed onto carborundum-dusted leaves of C. quinoa, N. benthamiana or N. clevelandii plants (three leaves per plant employing approximately 1 μg of transcript per leave). Plants were maintained under greenhouse conditions (16 h days at 24°C, 8 h nights at 20°C) and leaf samples were harvested 7 (in the case of C. quinoa) or 28 (in the case of N. benthamiana and N. clevelandii) days post-inoculation.
For Agrobacterium-mediated inoculation of plants, the Ti plasmid constructs were introduced into A. tumefaciens strain C58C1 by heat shock. Cultures of A. tumefaciens harbouring the different Ti plasmid constructs were infiltrated at an OD 660 of 0.5 on the abaxial side of N. benthamiana leaves using a 5 ml needleless syringe. The infiltrated plants were kept under greenhouse conditions and leaf samples were taken 3-4 days after infiltration.
RNA extraction and analysis
Total RNA preparations of healthy and PLPV infected C. quinoa, N. benthamiana or N. clevelandii leaves were obtained by phenol extraction and lithium precipitation (Verwoerd et al., 1989) . For Northern blot analysis, 4 μg of total RNA were denatured by glyoxaldimethyl sulfoxide treatment, electrophoresed in 1% agarose gels, blotted to nylon membranes (Hybond N+, Amersham), and hybridizated as described previously (Castaño and Hernández, 2005) with a 32 P-radioactive DNA probe encompassing nt 3095 to 3883 of the PLPV gRNA. For dot-blot analysis, leaf samples were squeezed in 20 volumes (w/v) of extraction buffer (50 mM sodium citrate, pH 8.5), and the homogenates were clarified by centrifugation at 6000 rpm for 5 min. The clarified extracts were spotted (4 μl) onto positively charged nylon membranes (Roche). Hybridization with a digoxigenin-labeled PLPV riboprobe was performed as described previously (Ivars et al., 2004) .
In vitro translation assays
Uncapped transcripts were synthesized in vitro from PLPV genomic and subgenomic constructs as indicated above or from bicistronic constructs linearized with XhoI. The RNA transcripts were used for in vitro translation experiments with Wheat Germ Extract Plus following manufacturer recommendations (Promega). [ 14 C] leucine or [ 35 S]methionine was included in the reactions and the translation products were treated with 2% sodium dodecyl sulphate (SDS) and separated by electrophoresis through 12% polyacrylamide gels in Tris-glycine buffer (Sambrook and Russell, 2001) . The gels were subsequently fixed in 25% isopropanol and 10% acetic acid for 30 min, incubated with Amersham Amplify™ Fluorographic Reagent (GE Healthcare), dried and exposed to X-ray film or, alternatively, scanned with a bioimage analyzer (Fuji BAS1500) for quantitation of signals.
